Like xeroderma pigmentosum (XP) patients, transgenic mice lacking nucleotide excision repair (NER) genes such as XPA and XPC are extremely susceptible to ultraviolet (UV)-induced skin cancer. Because the p53 gene is an important target for UV carcinogenesis and because the p53 protein modulates NER, we investigated the consequences of NER de®ciency on UV-induced p53 mutations in XPC7/7 mouse skin tumors. Thirty-eight (76%) of 50 UV-induced XPC7/7 skin tumor analysed displayed C?T or CC?TT transitions at dipyrimidine sites on the untranscribed strand of the p53 gene. A major hot spot for p53 mutation occurred at codon 270, which is also a hot spot in UV-induced skin tumors from NER-pro®cient C3H and SKH-hr 1 mice. Interestingly, codon 270 mutations were induced in both XPC7/7 and +/+ mouse skin after 1 week of UV irradiation, but the mutations persisted only in XPC7/7 mouse skin after 3 ± 4 weeks of chronic UV. The persistence of UV-induced p53 mutations in XPC7/7 mouse skin was associated with decreased apoptosis and increased proliferation of keratinocytes, suggesting that these events may contribute to the accelerated development of UV-induced skin tumors in XPC7/7 mice.
Introduction
Xeroderma pigmentosum (XP) is a rare autosomal recessive disorder characterized by hypersensitivity of the skin to sunlight and a more than thousand-fold increased risk of skin cancer in exposed body sites (Robbins, 1988; Cleaver and Kraemer, 1989; Hoeijmakers and Bootsma, 1990) . The increased clinical and cellular sensitivity of XP patients to UV radiation is directly associated with a defect in nucleotide excision repair (NER) of UV-induced cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone photoproducts (Cleaver, 1968 (Cleaver, , 1989 Setlow et al., 1969; . Like XP patients, mice lacking in the XPC or XPA genes are highly susceptible to develop UVinduced skin and eye cancers (Sands et al., 1995; Nakane et al., 1995; de Vries et al., 1995) . Interestingly, while XPA knockout mice completely lack in both global genome repair and transcription-coupled repair of UV-induced photoproducts (Nakane et al., 1995; de Vries et al., 1995) , XPC knockout mice lack in global but not transcription-coupled repair of DNA photolesions . These results are quite consistent with the DNA repair defects found in human cells from XPA and XPC patients (Venema et al., 1990; Evans et al., 1993a,b; Ford et al., 1994) .
The p53 tumor suppressor gene codes for a DNAbinding protein that plays a key role in gene transcription, control of the cell cycle, DNA repair and apoptosis (Levine et al., 1991; Vogelstein and Kinzler, 1992; Harris, 1996; Smith et al., 1995; Wang et al., 1995; Li et al., 1996 Li et al., , 1997 . Mutations in p53 play an essential role in the pathogenesis of human and mouse UV-induced skin cancers (reviewed in Brash et al., 1996; Nataraj et al., 1995) , and p53 knockout mice are more susceptible to UV carcinogenesis than wildtype mice (Jiang et al., 1999) . In addition, Cheo et al. (1996) demonstrated that double mutant mice lacking both alleles of XPC(7/7) and one allele of p53 (+/7) are more susceptible to UV-induced skin cancer than XPC 7/7 mice that are wild type (+/+) for p53. Their results also indicate that double knockout XPC7/7 p537/7 mice are even more sensitive to UV-induced skin cancer. These results demonstrate a synergistic interaction between XPC and p53 genes with respect to UV skin carcinogenesis.
Although XPC de®cient mice are highly susceptible to develop UV-induced skin cancers, it is not known what eects NER de®ciency have on UV-induced p53 mutations that are important for the development of skin cancer. We, therefore, investigated whether UVinduced skin tumors from XPC7/7 mice display dierent spectrum of p53 mutations than UV-induced skin tumors from NER-pro®cient mice. In addition, we determined whether the increased susceptibility of XPC7/7 mice to UV skin carcinogenesis could be due in part to early induction of p53 mutations and/or dysregulation of apoptosis in keratinocytes.
p53 mutations in UV-induced XPC7/7 mouse skin tumors UV-induced skin lesions in XPC7/7 mice have been previously described (Sands et al., 1995) . For this study, we used a range of neoplastic and putative preneoplastic lesions, including focal hyperplasia with various degrees of dysplasia and epidermolysis as well as squamous cell carcinomas and spindle cell carcinomas. Analysis of genomic DNA from 50 microdissected UV-induced skin lesions from XPC 7/7 mice for the presence of p53 mutations in exons 4 ± 8 revealed mutations in 38 of 50 skin lesions (76% frequency). The mutations were predominantly singlebase substitutions at dipyrimidine sequences. Of a total of 42 mutations, 38 were single C?T transitions, three were C?G transversions and one was a tandem CC?TT transition.
The mutational pro®le of representative tumors with C?T or CC?TT transitions at codons 270 or 245-246 are shown in Figure 1 . While codon 270 mutation predicts substitution of cysteine for arginine, mutation of codons 245 and 246 results in chain termination. It is interesting that 35 of 42 mutations occurred at codon 270, which is also a hot spot in UV-induced skin cancers in C3H and SKH-hr-1 mice (Kanjilal et al., 1993; van Kranen et al., 1995; Dumaz et al., 1997; Ananthaswamy et al., 1998) . Interestingly, more than 90% of the mutations occurred at dipyrimidine sites on the untranscribed strand of the p53 gene, similar to that of UV-induced skin tumors in NER-pro®cient C3H and SKH-hr1 mice (Kress et al., 1992; Kanjilal et al., 1993; van Kranen et al., 1995; Dumaz et al., 1997; Ananthaswamy et al., 1998) . These results suggest that even though XPC7/7 mice are much more sensitive to UV-induced skin carcinogenesis than NER-pro®cient mice, the p53 mutation spectrum, hotspots and strand bias in skin tumors are quite similar to those found in UV-induced skin tumors from NER-pro®cient mice.
p53 mutations arise early and persist in UV-irradiated XPC7/7 mouse skin Although the spectrum of p53 mutation in XPC7/7 mice resembled those found in NER-pro®cient mice, the increased susceptibility of XPC7/7 mice to UV skin carcinogenesis could be due to the possibility that p53 mutations arise early in UV-irradiated XPC7/7 mice compared to wild-type mice. To test this hypothesis, we analysed the skin of XPC7/7 and wild-type mice irradiated for 1 ± 4 weeks for p53 mutations in codon 270, which is a major hot spot in UV-induced XPC7/7 and wild-type mouse skin tumors. As shown in Figure 2 , codon 270 mutation was induced at high frequencies after 1 week of UV irradiation of both XPC7/7 and wild-type mice. However, the mutations disappeared from the skin of both XPC7/7 and XPC+/+ mice after 2 weeks of UV irradiation (Figure 3) . Interestingly, continued irradiation for 3 ± 4 weeks resulted in induction of a second wave of codon 270 mutations in XPC7/7 but not in wild-type mouse skin (Figure 3) . A possible explanation for the disappearance of mutations at week 2 is that the cells containing codon 270 mutations in the skin were severely damaged by further irradiation and so died, perhaps by apoptosis. Alternatively, Figure 1 UV-induced XPC7/7 mouse skin tumors contain UV signature p53 mutations. Genomic DNA was analysed for p53 mutations as described previously (Ananthaswamy et al., 1998) . Tumor 9.4C contains both mutant (tandem CC?TT) and wildtype sequences at codons 245-246. Tumor 9.3 contains a C?T mutation at codon 270. The 5'?3' sequence is read from bottom to top Figure 2 p53 mutations at codon 270 arise early in UVirradiated XPC7/7 and XPC+/+ mouse skin. Mice were irradiated ®ve times per week (Monday through Friday) for 1 ± 4 weeks at a dose of 2.5 kJ/m 2 UVB per exposure from a bank of six FS40 sunlamps, as described before (Ananthaswamy et al., 1997) . Epidermal DNA (360 ng) was ampli®ed by polymerase chain reaction (PCR) using the mutant-speci®c primers 5'-GGACGGGACAGCTTTGAGGTTT-3' and 5'-GCCTGCG-TACCTCTCTTTGC-3', as described previously (Ananthaswamy et al., 1997 ). An aliquot (5 ml) of the PCR product was electrophoresed on a 6% polyacrylamide gel, and the gel was dried and exposed to autoradiographic ®lm. Lanes 1 ± 10, 10 dierent mice; lane +, DNA from the UV-induced tumor, UV-2237, known to contain codon 270 mutation (Kanjilal et al., 1993) . Arrows indicate the ampli®ed bands present in the mutation-positive UV-2237 tumor and in most UV-irradiated mouse skin DNA but not in unirradiated mouse skin DNA keratinocytes containing the codon 270 mutation might have undergone normal dierentiation along with cells containing wild-type p53, but continued irradiation caused a second wave of p53 mutation in XPC7/7 mice due to a defect in cell death or dierentiation. Nonetheless, these results suggest that the increased susceptibility of XPC7/7 mice to UV-induced skin carcinogenesis may be attributed in part to the dysregulation of apoptosis and early induction and persistence of p53 mutations in UV-irradiated mouse skin. Analogous to XPC7/7 mice, XPA7/7 mice also exhibit a much higher frequency of mutant p53-positive foci in UV-irradiated skin than wild-type mice . Paradoxically, however, the UVinduced skin tumors from XPA7/7 mice contained very few p53 mutations, but they had a high incidence of ras mutations (de Vries et al., 1998) . Contrary to this observation, Takeuchi et al., (1998) detected UV signature mutations on the transcribed strand of p53 in 48% of UV-induced skin tumors from XPA7/7 mice, though there were no speci®c hotspots.
Keratinocytes from XPC7/7 mice are more resistant to UV-induced apoptosis than wild-type mice
To determine whether the persistence of p53 mutations in UV-irradiated XPC7/7 mouse skin at 3 ± 4 weeks of chronic UV irradiation was associated with increased resistance of keratinocytes to UV-induced cell death, we analysed XPC7/7 and wild-type mice irradiated with UV for 1 ± 4 weeks for the presence of apoptotic cells by the TUNEL assay. The results indicated that there were no dierences in the number of TUNEL-positive cells between XPC7/7 and +/+ mouse skin after 1 or 2 weeks of UV-irradiation (data not shown). However, after 3 ± 4 weeks of chronic UVirradiation, a dramatic dierence in the number of apoptotic cells was seen between XPC7/7 and XPC+/+ mice. Immuno¯uorescence pictures of representative mouse skin shown in Figure 4 revealed that after 3 weeks of chronic UV-irradiation, XPC +/+ mouse skin contained a signi®cantly higher number (69.7+5.0 cells per 100 cells) of TUNELpositive cells in the epidermis (Figure 4a ) than XPC7/7 mouse skin (5.5+1.9 per 100 cells) ( Figure  4b ). Analogous to these results, XPC7/7 mice irradiated for 4 weeks also contained fewer apoptotic cells than XPC+/+ mice (data not shown). It is interesting to note that XPC7/7 cells are more resistant to UV-induced apoptosis and accumulation of nuclear p53 protein than XPA7/7 cells are (Yamaizumi and Sugano, 1994; Ljungman and Zhang, 1996) . XPC7/7 mice are more sensitive to UV-induced epidermal hyperplasia than wild-type mice
To determine whether the inhibition of UV-induced apoptosis in XPC7/7 mouse skin resulted in hyperproliferation of keratinocytes leading to epidermal hyperplasia, the skin of UV-irradiated mice was analysed for expression of proliferating cell nuclear antigen (PCNA), a marker of cell proliferation. The results indicated that after 1 week of UV-irradiation, a strong nuclear immunostaining was detected throughout the epidermis of both XPC7/7 and XPC+/+ mice (data not shown). However, the number of PCNA-positive cells in the epidermis as well as epidermal hyperplasia decreased after 2 ± 4 weeks of UV irradiation in XPC+/+ mice, but not in XPC 7/7 mice. Immunohistochemical pictures of representative mouse skin irradiated with UV for 3 weeks revealed that PCNA-positive cells were fewer in Figure 4 Induction of TUNEL-positive cells and expression of PCNA in XPC7/7 and XPC+/+ mouse skin after 3 weeks of chronic UV-irradiation. The TUNEL assay was performed on 5 mm sections of paran-embedded tissues using a commercial kit according to the manufacturer's protocol (Promega Corp., Madison, WI, USA). PCNA expression was performed using mouse anti-human PCNA antibody clone PC10 (DAKO) diluted 1:50 in PBS. The sections were treated with anti-mouse immunoglobulin horseradish peroxidase-linked whole antibody (Amersham Life Science) diluted 1:100 in PBS and the reaction products were identi®ed with diaminobenzidine staining. Counterstaining was performed with hematoxylin. Figure 2 number (34+6.7 per 100 cells) and were limited to the basal layer and hair follicles in XPC+/+ mouse skin (Figure 4c ), whereas in UV-irradiated XPC 7/7 mouse skin, the PCNA-positive cells were higher in number (61+4.7 per 100 cells) and were present throughout the epidermis and hair follicles (Figure 4d) . Similarly, XPC+/+ mice irradiated for 4 weeks also contained fewer PCNA-positive cells than XPC7/7 mice (data not shown).
In conclusion, our data indicate that p53 mutations arise early and persist in the skin of chronically UVirradiated XPC7/7 mice resulting in decreased apoptosis and increased proliferation of keratinocytes. These early abnormalities may augment clonal expansion of p53 mutated keratinocytes and accumulation of mutations in other critical genes thereby accelerating the process of UV carcinogenesis. It is possible, however, that UV radiation may preferentially target other genes in NER-de®cient XPC7/7 mice and so lead to early induction of skin cancers.
